Over the last several years, metamaterials have attracted considerable attention for terahertz and optical applications, including unnaturally high refractive index[@b1] components, perfect absorbers[@b2][@b3][@b4], frequency tunable filters[@b5][@b6], and ultrafast switching devices[@b7]. The electromagnetic properties of metamaterials originate from the geometrical arrangement of the periodic unit cell called the meta-atom. By controlling the size[@b8], pitch[@b9][@b10][@b11][@b12], or shape[@b13] of the meta-atom on a single substrate, researchers have demonstrated metamaterials with exotic properties that do not exist in nature, such as negative refractive index[@b14], polarization conversion of an incident wave[@b15][@b16], and electric field enhancement[@b17]. In particular, the frequency selectivity of meta-atoms is one of the most important characteristics in designing metamaterials for terahertz applications; significant progress has been made in engineering resonance tendencies by manipulating the gap size or position of the entire structure[@b18][@b19], coupling effects between adjacent meta-atoms[@b12][@b20][@b21][@b22][@b23] such as Fano resonance[@b24][@b25][@b26], lattice modes of the metamaterial array[@b27][@b28], and dielectric effects of metamaterial substrates[@b29][@b30].

With respect to the meta-atom structure, unlike the structures of polarization independent metamaterials, such as the cross and ring-shaped structures[@b31][@b32][@b33], Split-ring resonators (SRRs), cut-wires (CWs)[@b34], or their complementary structures[@b35] are the most well-known metamaterial structures that exhibit anisotropic properties depending on the polarization property of the incident waves. Particularly, in the optical and terahertz regimes, planar SRR structures have a fundamental LC resonance, as well as a half wave resonance, (or plasmonic oscillation) along the side length of the SRR unit cell[@b8][@b36]. However, Rockstuhl et al.[@b18] were the first to conclude that the gap size variation of SRR structures could results in the resonance frequency change for perpendicular polarization in comparison to the half wave frequency of the side length of the SRRs. Since then, the unified interpretation of the anisotropic resonance mechanism for SRRs for different orders of standing waves (or plasmonic eigenmodes) has been suggested and widely utilized[@b13][@b27][@b37][@b38].

Although the anisotropic interpretation for incident polarization can explain the resonances in conventional SRR structures, it is difficult to apply this model to other, more complicated meta-atom structures. Consequently, the existing anisotropy models apply only to the SRR-like structures and their properties. Therefore, in order to understand the unique resonance mechanisms of complicated anisotropic meta-atom structures such as meta-atom clusters, a comprehensive model that can explain each of the resonance properties of anisotropic meta-atoms needs to be built.

In this paper, we propose an anisotropy model for anisotropic meta-atom clusters to elucidate their resonance mechanism depending on the polarization property of the incident waves. Using the proposed anisotropy model, we confirm that the anisotropic meta-atom clusters we specifically designed can alter their resonance frequency under parallel polarization but fix their fundamental resonance frequency at a single frequency under perpendicular polarization, regardless of structural variations.

Results
=======

Analysis of meta-atom strutures
-------------------------------

First, we fabricated the S-shaped resonators (SSRs) array having a negative refractive index[@b39], and compared its resonance properties with the conventional SRR array. As shown in [Figure 1a](#f1){ref-type="fig"}, the unit cell of the SSR structure consists of a pair of SRR structures, and it has a width (*w*) of 4 μm and length (*l*) of 20 μm with the gap (*g*) and space (*s*) both set to 12 μm. To analyze the actual metamaterial properties within the substrate, a 6-μm-thick polyimide substrate with assumed permittivity of 2.6 was considered for simulation. [Figure 1b](#f1){ref-type="fig"} shows the surface current distributions of the SSR and SRR unit cells for each resonance frequency. In the SRR structure, resonances can be estimated by the different orders of standing waves and have odd symmetry for parallel polarization, whereas they have even symmetry for perpendicular polarization[@b13][@b37][@b38]. However, in the SSR structure as shown in [Figure 1b](#f1){ref-type="fig"}, the resonances for the perpendicular polarization do not have even symmetry due to the structural difference. In addition, the higher order resonance (*ω~h~*) for parallel polarization starts directly from the fifth order, skipping the third order resonance in the SRR structure. These results confirm that the resonance mechanism based on the odd and the even symmetry is valid only for the conventional SRR structure, but cannot be applied to SRR meta-atom clusters including the SSR structure.

Since the SRR and SSR unit cells act like two and three separate CW unit cells, respectively, for perpendicular polarization, we can assume that the pseudo-CW resonance frequency *ω~c~* originates from the number of excited metal lines that are parallel to the polarization. Because all the charges in each metal line that is parallel to the incident E-field are excited concurrently for normal incidence, these moving charges should have the same direction and phase. Hence, as indicated by dashed line in [Figure 1b](#f1){ref-type="fig"}, equally excited charges inevitably collide with each other at the connecting bridges of each SRR and SSR unit cells, preventing current flow by the Coulomb repulsive force. Consequently, the standing waves formed by the charge density in SRR and SSR unit cells have three and four nodes due to their one- and two-charge collision regions, respectively. As a result, as shown in [Figures 1c and d](#f1){ref-type="fig"}, compared to a single SRR structure, the SSR structure has *ω~c~* fixed near 5 THz with little variation of 2.9% (0.15 THz equivalently), while the fundamental frequency *ω~f~* is remarkably red-shifted from 2.12 to 1.5 THz since the SSR unit cell does not have any charge collision for parallel polarization. The alteration ratio of *ω~f~* is approximately 29.2%. The subtle difference of the *ω~c~* between SRR and SSR is attributed to the difference in the actual wavelength, as shown by the red arrows in [Figure 1b](#f1){ref-type="fig"}.

Although the variations of the resonance frequencies *ω~f~* and *ω~c~* can be explained by the direction of excited metal lines and their resulting charge collisions, the higher order resonance frequency *ω~h~* for all meta-atoms cannot be explained either by a third order resonance or by the excited charge collision, as discussed above. In order to investigate the origin of the higher resonances for the parallel polarization in the SSR structure, we simulated the surface current distributions on various meta-atom structures from those with the conventional SRR to those with the H-shaped[@b40] meta-atoms by shifting the center bar position by 2 μm, as shown in [Figure 2](#f2){ref-type="fig"}. As shown in [Figure 2a](#f2){ref-type="fig"}, the induced currents of all the meta-atoms were concentrated on the inner side of the structure at *ω~f~*, but were concentrated on the opposite side at *ω~h~*.

If *ω~h~* originates from other higher order resonances, *ω~h~* must be blue-shifted as much as *ω~f~* is blue-shifted, because all the higher order frequencies depend on the wavelengths of their fundamental frequencies. However, in our meta-atom structures, as the center bar position in the SRR shifted toward the H-shape, as shown in [Figure 2b](#f2){ref-type="fig"}, *ω~h~* red-shifted as much as the increase in the opposite side current path of the meta-atom, while *ω~f~* blue-shifted because the decrease of the inner side current path. Moreover, *ω~h~* vanished for the H-shaped meta-atom when the current paths on both sides of H-shape became perfectly symmetrical to each other.

These results verify that the *ω~h~* of the proposed meta-atoms originate from the structural asymmetry of each meta-atom for the corresponding polarization direction, rather than from just following their lower orders of standing waves. Therefore, apart from the conventional resonance models, we propose a novel anisotropy model an anisotropic meta-atom with an asymmetrical structure depending on the polarization direction of the incident waves.

Polarization dependent metamaterial design
------------------------------------------

In order to verify the anisotropic resonant responses further, the proposed SSR metamaterials were fabricated by using the conventional photo-lithography technique. [Figures 3a](#f3){ref-type="fig"} shows the fabricated anisotropic SSR metamaterials. The detailed fabrication process is described in the Methods section. [Figure 3b and c](#f3){ref-type="fig"} shows the measured transmission spectra for the SSR metamaterials in comparison with the simulated results. As shown in the figures, when the number of SRR cells increases from 1 to 4, the measured resonance frequency changes from 2.0, 1.45, 1.25, to 1.05 THz, respectively. On the other hand, for the perpendicular polarization, the resonance frequency of all SSR arrays stays near 5.1 THz with only small variations of less than 2%. Therefore, we confirm that the proposed anisotropic meta-atoms altered the resonance frequency for parallel polarization, and had a fixed resonance frequency for perpendicular polarization. [Figure 3](#f3){ref-type="fig"} also shows that the measured results well matched the simulation results. A slight discrepancy in the resonance between the simulated and the measured results is due to the variations in the fabrication process of the structure. Interestingly, the complementary structures showed exactly the same tendency with respect to the SSR metamaterials due to the Babinet principle, as shown in [Figure 4](#f4){ref-type="fig"}[@b35][@b41][@b42]. Since the complementary structure has the opposite properties to the original structure, the proposed design methods can be utilized not only for the reflective, but also for the transmissive metamaterial array filters.

However, the higher resonance frequency components for parallel polarization still exist near the fixed resonance frequency (*ω~c~*) for perpendicular polarization, working as spectral noise for utilizing the undisturbed *ω~c~*. Therefore, to design the resonance frequencies of anisotropic metamaterials that can be altered for parallel polarization but completely fixed for perpendicular polarization (shown in [Figure 5](#f5){ref-type="fig"}), we designed H-shaped meta-atom clusters that can maintain a symmetric current path for parallel polarization. The single H-shaped anisotropic meta-atom and its clusters (double, triple, and quad) act like identical CW unit cells, and the induced current also has a completely symmetric current path for parallel polarization. Their characteristic resonance frequencies can be estimated bywhere *c~eff~* is the speed of light divided by an effective refractive index, *l* and *h* are the center bar length and the side line height of the H-shaped meta-atom, respectively. *n* is the number of H-shaped meta-atoms in the proposed meta-atom clusters. These equations show that *ω~c~* is independent of *n* and therefore constant, while the *ω~f~* absolutely depends on *n*.

In order to verify the proposed equation for the H-shaped meta-atom clusters, we simulated and measured the transmission spectra, as shown in [Figure 5b and c](#f5){ref-type="fig"}. The resonance frequencies of the single, double, triple, and quad meta-atom clusters for parallel polarization are 2.75, 2.15, 1.85, and 1.6 THz, respectively, while the resonance frequencies for perpendicular polarization are fixed at 6.1 THz for all structures. These results show that the results from the proposed equations well match with the measured resonances, and that the H-shaped anisotropic meta-atom and its clusters can alter the resonance frequency for parallel polarization, but fix the resonance frequency without any perturbation for perpendicular polarization, unlike the previous SSR metamaterial structures. Furthermore, as discussed above, the complementary H-shaped meta-atom clusters have similar resonance properties, as shown in [Figure 6](#f6){ref-type="fig"}.

Discussion
==========

We proposed a novel anisotropy model for the newly designed meta-atom clusters to predict their unique resonance properties depending on the polarization property of the incident waves. The experimental results showed that the proposed meta-atom clusters can alter their resonance by more than 1.1 THz for parallel polarization and can fix their resonance for perpendicular polarization. Moreover, based on the proposed anisotropy model, we showed that the meta-atom clusters can have only a fundamental frequency for any polarization in the desired frequency range, if their structures have a symmetric current path based on the excited metal line, like the H-shaped meta-atom clusters. Therefore, we expect that the proposed anisotropy model can provide an intuitive understanding of the resonance mechanism of anisotropic meta-atoms, for the development of novel optical systems, such as the polarization dependent multi-band terahertz system. Finally, our proposed anisotropy model can be applied to structures in fields ranging from microwave to optics by scaling the structures in electromagnetic-optical research.

Methods
=======

Sample fabrication
------------------

The proposed anisotropic metamaterials were fabricated by a conventional photolithography process. First, 3 μm of polyimide was spin-coated on a silicon wafer and then baked at 90°C for 90 seconds and at 200°C for 120 seconds using a hot plate. After O~2~ plasma treatment, 200-nm-thick gold with a 20-nm-thick chromium adhesion layer was deposited on the polyimide layer by an electron-beam evaporator and patterned by using the lift-off technique to form a meta-atom array. Then, 3 μm of polyimide was spin coated and baked as the passivation layer. Finally, the completed metamaterial film was peeled off from the wafer.

Terahertz measurements
----------------------

For the terahertz (THz) time-domain spectroscopy measurements, 50 fs ultra-short pulses at 1.55 eV photon energy were produced by a Ti:sapphire regenerative amplifier (Coherent RegA 9050) operating at a 250 kHz repetition rate. A part of the amplifier output was used to generate THz pulses by optical rectification in a 320-μm-thick, (110)-oriented GaP crystal. The THz pulses with a 300-μm spot size were focused on the gold meta-atoms, which were deposited on a 2-mm-diameter polyimide (PI) substrate. The waveform of the transmitted THz pulses was measured by electro-optic sampling in an identical pair of GaP crystals. The transmittance of the meta-atoms in the THz frequency domain was obtained from the ratio of the transmitted THz field *E*(*ω*) through the samples and reference field *E*~0~(*ω*) through the PI substrate. Our experimental setup provided THz bandwidths ranging from 0.5 THz to 7 THz, and whole apparatus was enclosed by dry air and an acrylic box to avoid THz absorption due to humidity.
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![S-shaped resonator (SSR) array.\
(a) Schematic and SEM image of the fabricated SSR metamaterial array. The unit cell has dimensions of *w* = 4 μm, *l* = 20 μm, and *g* = *s* = 12 μm. (b) Simulated surface current distributions of the SSR and SRR unit cells at *ω~f~*, *ω~h~* and *ω~c~*, respectively. The charge collision regions are indicated by the dashed line. The simulated transmission spectra of the SSR and SRR array: (c) for parallel polarization and (d) for perpendicular polarization.](srep05217-f1){#f1}

![The induced current distributions in various meta-atoms.\
Simulated (a) surface current distributions and (b) transmission spectra of various metamaterials from the conventional SRR to the H-shaped meta-atoms by shifting the center bar position by 2 μm. The 20 by 20-μm unit cell has a 4-μm line width. The incident electric field is polarized parallel to the gap of the unit cells. *ω~f~* and *ω~h~* represent the resonance frequencies on the inner and outer sides of the induced unit cells, respectively.](srep05217-f2){#f2}

![Experimental results of combined SRR metamaterial array.\
(a) Optical microscopy images of the fabricated SSR metamaterials with different numbers (n) of combined SRR unit cells. Measured and simulated transmission spectra of the SSR metamaterials (b) for parallel polarization and (c) for perpendicular polarization. The higher order frequency components are considered as spectral noise shown as shaded areas in each figure.](srep05217-f3){#f3}

![Experimental results of combined complementary SRR metamaterial array.\
(a) Optical microscopy images of the fabricated complementary SSR metamaterials with different numbers (n) of combined complementary SRR unit cells. Measured and simulated transmission spectra of the complementary SSR metamaterials (b) for parallel polarization and (c) for perpendicular polarization. The higher order frequency components are considered as spectral noise shown as shaded areas in each figure.](srep05217-f4){#f4}

![Experimental results of H-shaped meta-atom cluster arrays.\
(a) Optical microscopy images of our fabricated H-shaped meta-atom clusters with different numbers (single, double, triple, and quad) of H-shaped unit cells. Measured and simulated transmission spectra of the proposed H-shaped metamaterials (b) for parallel polarization and (c) for perpendicular polarization.](srep05217-f5){#f5}

![Experimental results of complementary H-shaped meta-atom cluster arrays.\
(a) Optical microscopy images of our fabricated complementary H-shaped meta-atom clusters with different numbers (single, double, triple, and quad) of complementary H-shaped unit cells. Measured and simulated transmission spectra of the proposed complementary H-shaped metamaterials (b) for parallel polarization and (c) for perpendicular polarization.](srep05217-f6){#f6}
